Background: A study was performed to assess the acute association between air pollution, pollen and spores, and mortality in a population based cohort of subjects with asthma recruited from emergency room admissions for an asthma exacerbation using a case crossover design. Methods: Patients in Barcelona aged over 14 years who died during the period 1985-95 who had visited the emergency department of one of the four largest hospitals in the city for asthma during 1985-9 were included in the study (a total of 467 men and 611 women). Deaths were identified by record linkage of the cohort individuals with the Catalonia mortality registry. Causes of death were based on the underlying cause on the death certificate. Air pollution, pollen and spore levels were measured at the city monitoring stations which provide an average for the entire city. Results: Nitrogen dioxide was associated with mortality for all causes of death (adjusted odds ratio (OR) for an increase of the interquartile range = 1.50, 95% confidence interval (CI) 1.09 to 2.64) in asthmatic patients with more than one emergency room admission for asthma. The association was particularly strong for respiratory causes (OR 1.63, 95% CI 0.93 to 2.86). Ozone also increased the risk of death in asthmatic patients (OR 1.90, 95% CI 1.09 to 3.30) during spring and summer. The association with particles, pollen, and spores was not significant, and no interactions between air pollutants and pollen and spores were found. Conclusion: Nitrogen dioxide and ozone may exacerbate severe asthma and even cause death among asthmatic subjects.
T he role of air pollution in asthma exacerbations is less consistent than that found for chronic obstructive pulmonary disease (COPD). In a comprehensive review of all studies on hospital admissions for asthma and acute effects of daily levels of air pollution, Anderson et al found inconclusive results both in adults and children. 1 Similarly, the largest panel study ever carried out (the PEACE study)-which involved 28 panels in nine countries and included 2010 children with respiratory symptoms-did not find any association with symptoms, function or medication, 2 which contradicts the findings of previous panel studies in asthmatic patients in relation to particles and ozone (O 3 ). 3 4 One of the explanations for this inconsistency is a lack of statistical power of a rare phenomenon such as daily asthma events. The European multicentre studies Air Pollution Health Effects Approach (APHEA I) 5 which included several cities and the larger new study (APHEA II) 6 have overcome this limitation and reported an association between particle and nitrogen dioxide (NO 2 ) levels and daily admissions for asthma in adults, and particles, NO 2 , and sulfur dioxide (SO 2 ) levels in children, and an association with O 3 in some areas.
A different explanation for the inconsistent results concerns the differences between cities in the pollution mixtures, particularly the confounding or synergistic role of pollen and spores. Some studies have addressed the potential for a confounding role by pollen and spores and have consistently found a lack of confounding effect on the association between air pollution and asthma admissions 1 7 or symptoms. [8] [9] [10] [11] [12] Pollen has rarely been associated with asthma symptoms, 13 while spore counts have consistently been found to affect the symptoms of asthma. 9-12 14 Experimentally, there is firm support for the hypothesis that O 3 , NO 2 , SO 2 , and particles modulate allergic responses in asthmatic subjects, 15 which has been observed for O 3 16-18 and NO 2 in human volunteers. [18] [19] [20] [21] [22] However, only a few studies in real air have analysed the synergism between air pollutants and pollen 1 and fungal spores [9] [10] [11] [12] in exacerbations of asthma.
A final possible explanation for the inconsistent results arises from the role of susceptibility factors (such as severity 23 ) that may enhance the effect of pollutants on asthma. Most of the experimental and epidemiological studies in asthmatics have included subjects with moderate asthma, whereas severe asthmatics appear to be much more susceptible to air pollution effects.
We have analysed the interrelations between urban air pollutants, pollen, and spores in a cohort of asthmatic subjects using a case crossover design The fact that the unit of observation was the individual allowed us to explore which characteristics conferred a major susceptibility to air pollution. Death was the outcome variable. It is not a sensitive outcome of the environmental effects in asthma exacerbations, but it is a very specific indicator in a case crossover approach since cases serve as their own controls which eliminates the confounding by fixed characteristics such as treatment and medical control. Our objective was to assess the acute association between air pollution, pollen and spores, and mortality in a population based cohort of subjects recruited from those admitted to the emergency department for an exacerbation of asthma.
METHODS
Persons living in Barcelona aged over 14 years who attended the emergency department for asthma between 1985 and 1989 were included in the study. Data were collected from the clinical records of the four largest urban hospitals which covered about 80% of all Barcelona asthma emergency department visits. 24 Visits recorded at other hospitals in the city did not differ in terms of social or demographic characteristics. Physicians reviewed the clinical records of all daily visits and selected those with labels in the diagnostics section of the clinical record which matched a list drawn up by a panel of chest physicians. Using this information and, if necessary, other data in the clinical record, they classified the emergency visit as asthma, chronic obstructive pulmonary disease (COPD), or other respiratory causes as explained elsewhere. 24 Subjects with bronchospasm or an attack of shortness of breath and a concomitant diagnosis of COPD were classified as COPD. Their name and both surnames, age, sex, address, and details of referral or discharge were recorded. Data on treatment were not collected. Entry to the cohort was episode based-that is, a visit to the emergency department for asthma.
Deaths were identified by record linkage of the cohort individuals with the Catalonia mortality registry for the years 1985-95. 24 Fields used for linkage were full name, sex, and year of birth. Those not found in the mortality registry were considered alive at the end of the study period (31 December 1995) . Causes of death were based on the underlying cause in the death register and classified according to the ICD-9. A validity study of the goodness of the linkage was carried out in 326 asthmatic subjects contacted by telephone during 1996. Linkage classified death correctly in 98% of cases. The linkage was able to classify as deaths 93% (39 of 42) of those who had died and 99% (282 of 284) of those who were alive.
Air pollution exposure was measured at the city monitoring stations which provide a mean for the entire city. Details of the monitoring sites (the mean of three stations), the measurement methods, and the indicators can be found elsewhere. 25 The 24 hour mean levels of particulate matter (PM 10 ) were measured using the beta-radiation method. Daily and hourly levels of NO 2 and O 3 were measured using a chemiluminescence method and carbon monoxide (CO) by infrared absorption. The 24 hour mean levels of black smoke were assessed by the reflectometry method in a network of 15 samplers. Pollen and spores were measured by the Cour method 26 which provides mean weekly particle concentrations. The measurements are highly accurate for pollen grains, but some fungal spores become damaged during the treatment so fungal spore counts are underestimates. The pollen and spore data were obtained at a single site in the north east of the city. To establish the week number, the international convention that the first week of the year is the one that contains the first Thursday has been followed.
Analysis of data
The analysis followed a case crossover procedure 24 and was limited to those who had a diagnosis of asthma during the period 1985-9 (n=5610). The study included those who had died during the period 1985-95 (1080 of 5610). The analysis was stratified according to the number of admissions and diagnosis since a high proportion of subjects who were admitted more than once received diagnoses of both asthma and COPD at different visits because of the difficulty in diagnosing asthma in elderly subjects and the diagnostic limitations of the emergency department.
The lag structure of the air pollutants was the cumulative lag over the two previous days-that is, the mean of the same and the previous two days. Mean weekly pollen and spore measurements had a non-normal distribution skewed to the right and were logarithmically transformed.
Adjusted odds ratios were obtained by comparing air pollution, pollen and spore levels on the dates of deaths with the levels during the control period using multivariate conditional logistic regression in a model which also including daily values of the confounding variables (temperature, humidity, hot days, influenza epidemics, and soybean asthma epidemics). The selection of the control period dates followed a recent proposal by Levy et al 27 which showed that this strategy produces unbiased estimation. It consists of dividing time into strata defined a priori and using the remainder of eligible days in each stratum as referents. In our case the stratification was done on day of the week and calendar month-for example, a case on Thursday 20 July was compared with all other Thursdays in July. This design controls for day of the week by design and avoids short term autocorrelation because the periods are separated by 7 days. To analyse the interaction between air 183 (14) 327 (15) 31 (8) 92 (12) 253 (47) 192 (44) Age <45 29 (16) 16 (5) 10 (32) 5 (5) 9 (3) 1 (1) 45-64 46 (25) 53 (16) 12 (39) 28 (31) 63 (25) 20 (10) 65-79 73 (40) 112 (34) 7 (23) 39 (42) 128 (51) 92 (48) >80
35 (19) 146 (45) 2 (6) 20 (22) 53 (21) 79 (41 
Cardiovascular (390-459) 36 (20) 123 (38) 8 (26) 26 (28) 48 (19) 61 ( 14 (8) 28 (9) 4 (13) 4 (4) 15 (6) 11 (6) Respiratory (460-519) 50 (27) 81 (25) 9 (29) 40 (43) 114 (45) 82 ( 25 (14) 34 (10) 1 (3) 8 (9) 84 (33) 41 (21) Asthma (493) 13 (7) 34 (10) 7 (23) 29 (32) 17 (7) 29 (15) Number of emergency department visits/1000 days >2.26 (median) 53 (29) 100 (31) 15 (48) 31 (34) 168 (66) 114 (59) <2. 26 130 (71) 227 (69) 16 (52) 61 (66) 85 (34) 78 (41) Season of death April-September (summer) 88 (48) 151 (46) 17 (55) 48 (52) 117 (46) 84 (44) October-March (winter)
95 (52) 176 (54) 14 (45) 44 (48) 136 (54) 108 (56) pollutant and pollen and spores, weekly values of pollen and spores were used, assuming that the value at the day of death was the value of the week of death. Interaction was assessed by including the multiplicative term in the multivariate model. Analyses were carried out using Stata software, release 6.0 (StataCorp, College Station, TX, USA).
RESULTS
Most of the asthmatic patients were admitted only once to an emergency department (table 1) . A smaller proportion of subjects admitted only once to an emergency department (15%) or admitted more than once but always with a diagnosis of asthma (11%) had died during the follow up period than those admitted more than once and those with diagnoses of both asthma and COPD (46%). A total of 467 men and 611 women died and were included in the analysis (table 1) . Among those who died, women were older than men and had a higher proportion of admissions to hospital, suggesting a more severe asthma crisis. Subjects admitted more than once and always with a diagnosis of asthma were younger and with less severe admissions. The main causes of death were cardiovascular in women and respiratory in men admitted only once, and respiratory in men and women admitted more than once. Deaths from asthma were more frequent among subjects admitted to the emergency department more than once and always for asthma. The number of admissions to the emergency department in a given time during the years 1985-9 was higher for those admitted more than once for asthma. Finally, those admitted only once or with a concomitant diagnosis of COPD tended to die in winter while those with repeated admissions for asthma were more likely to die in summer. Air pollution levels, pollen and spore counts are shown in table 2. Both measures of NO 2 (maximum hourly daily mean and daily average) had a strong correlation (r=0.88), as did both measures of O 3 (maximum hourly and average of 8 hours daily mean) (r=0.99). Pollen levels had a very strong seasonal pattern; total pollen peaked in February and March (and Gramineas in May) and became almost zero from August to January, while levels of spores were more constant with maximum levels in March and lowest levels in July. The association between air pollutants and mortality for all causes was stronger in subjects admitted more than once to the emergency department for asthma than for asthmatic subjects admitted only once or for those admitted for both asthma and COPD (table 3). The association was statistically significant for NO 2 (p<0.05) and at the limit of significance for hourly O 3 levels (p=0.06). In subjects admitted only once or admitted for asthma and COPD, the associations with air pollutants were lower and non-significant. No interactions between pollutants (such as SO 2 and O 3 , or SO 2 and NO 2 ) were observed (p>0.4). Pollen and spores were unrelated to mortality. Among the confounding variables, only asthma epidemics (OR 3.95, 95% CI 0.63 to 25) had a p value of <0.2. The other variables (temperature, hot days, holidays, and influenza epidemics) were unrelated to mortality in these subjects, although these variables were kept in the regression models. Table 4 shows the association between NO 2 and O 3 and mortality according to the subject's characteristics, season, and cause of death. Few statistically significant interactions were observed. In subjects with more than one admission and with diagnoses of both asthma and COPD, women and young subjects had a higher risk of dying in relation to NO 2 than men and older people. Among those admitted only once for asthma, old people were at higher risk of dying in relation to O 3 . In general, women and subjects with more severe asthma-that is, more admissions per 1000 days-were at higher risk, although not all interactions were statistically significant. The association with NO 2 and O 3 was stronger in the warm season (from April to September) in subjects with more than one admission for asthma. Thus, the association with O 3 in summer is much stronger during the warm season when O 3 levels are higher, although the interaction was not statistically significant. In subjects admitted more than once for asthma only the association between respiratory causes of death and NO 2 and O 3 was strongest, although there was also an increase with cardiovascular causes, while in the other groups the association was stronger for cardiovascular than for respiratory causes. When the cause of death was asthma, the associations were not statistically significant. The results obtained with the other measures of NO 2 (such as NO 2 -24 h) and O 3 (such as O 3 -8 h) were very similar.
The associations between NO 2 and O 3 with mortality were not confounded by pollen and spores (table 5). After adjusting for spores, the OR was only slightly reduced (by 5%). The increase in the confidence intervals was due to the smaller number of observations after adjusting for spores. Adjustment for the other pollutants such as particles did not confound the association with either NO 2 or O 3 (for example, OR for NO 2 after adjustment for black smoke = 1.53, 95% CI 1.00 to 2.37). Neither pollen nor spores had a synergistic effect with NO 2 or O 3 over the whole year or after stratifying by season (p>0.5).
DISCUSSION
Patients with severe asthma-that is, those with more than one admission to the emergency department for an asthma exacerbation-had a higher risk of dying on days with higher levels of NO 2 , regardless of the season, and O 3 in the warm season. These associations were not confounded by the weekly levels of pollen and fungal spores. No interactions between NO 2 and O 3 with pollen and spores were found. Both NO 2 and O 3 had previously been reported to be associated with admission for an asthma attack in this population 28 and in other populations, 3 6 but never with mortality in asthmatics. Some recent studies have found an acute association between O 3 [29] [30] [31] (and, to a lesser extent, NO 2 32 33 ) and the daily death count in the whole population. The present study suggests that asthmatics with repeated admissions to the emergency department are particularly susceptible to oxidants. Nevertheless, given the low prevalence of severe asthma, it is unlikely that this frail population accounts for the whole effect of oxidants on mortality observed in studies of the general population.
Most panel studies in asthmatic children have shown a significant effect of oxidants on lung function. 3 4 The problem, however, is that experimental and panel studies in asthmatic subjects have not been consistent. 2 3 34 Asthmatics have been found to be more susceptible to the bronchial response to NO 2 than healthy subjects, but not all subjects challenged with NO 2 (30%) fall at 0.2 ppm at rest, 35 a concentration found in many outdoor air locations. 36 Ozone produced similar decrements in lung function during exercise in asthmatic and in nonasthmatic subjects, with a high interindividual variation. 34 However, chamber studies and panel studies have only included patients with moderate asthma. The present study was based on subjects attending the emergency department for an asthma attack (one of the criteria of asthma severity), and in this population the effect of oxidants was found in those with repeated admissions due to repeated attacks. The fact that asthmatic patients with repeated admissions to the emergency department were more vulnerable to the acute effects of NO 2 and O 3 suggests that patients with severe asthma constitute a population who are particularly susceptible to air pollution.
Inconsistencies in the effects of air pollutants in patients with asthma have been attributed to the failure to include pollen and spores in the studies. 1 Pollen and fungal spores were unrelated to mortality in our study subjects. Most studies have not found an independent role for pollen in asthma exacerbations 1 8 9 except during thunderstorms (when pollen degranulates and allergenic proteins became smaller and respirable), 37 but a recent study from the Netherlands reported that the daily variation in pollen levels was related to the daily death count. 38 The fact that environmental pollen levels had a very strong seasonality with levels around zero for most days of the year and extremely high values at the end of winter and beginning of spring poses methodological difficulties for the statistical analysis. A strategy to overcome this problem is to limit the analysis to the pollen season. Nevertheless, in our study we did not find any effect of pollen during this season.
The source of the spore data used in our study (the Cour method) may explain the lack of an independent or synergistic effect of fungal spores, given the previous positive results in panel studies conducted in the USA [9] [10] [11] [12] and a recent study in the UK. 14 The use of different sampling methods may also explain why levels of fungal spores were much lower in Barcelona than those observed in Alpine (San Diego), 18 19 in State College, Pennsylvania, 20 and in Los Angeles. 21 Correlation between NO 2 and O 3 was rather poor in Barcelona and neither confounded the effect of the other. In studies in the general population it is generally accepted that the major air pollutants related to health effects are fine particles, 33 and that NO 2 is a surrogate for fine particles produced by motor vehicles. 36 However, the asthmatic subjects in our study were not affected by particles. In patients with asthma there is a mechanistic basis for the effect of NO 2 and O 3 . 3 34 Oxidants are not highly soluble and most inhaled gas is retained in the small airways of the lungs, particularly in the case of NO 2 . At high concentrations damage to epithelial cells by oxidant injury in animals and humans reduces the clearance of infecting organisms, stimulates inflammatory cell activity, and releases proinflammatory mediators.
Using the diagnosis of asthma on the death certificate, no association was found between air pollution and death from asthma. However, because the diagnosis of asthma on the death certificate is unreliable, 39 we could not discard the possibility that the mechanism of action of oxidants in causing death was through an asthma attack, since an association was found with death for all respiratory causes. If so, exposure of subjects with severe asthma to high levels of oxidants may appear as a cause of fatal asthma. A different mechanism could be through cardiovascular effects 40 which would agree with the relative risk observed for cardiovascular causes. Nevertheless, the study of the relationship between causes of death and air pollution was limited by the small number of deaths in the present study.
The case crossover design has advantages compared with the aggregated design since the observation of individuals provides a clinically meaningful reasoning, and the design potentially reduces the confounding role of variables such as medical control and treatment. However, the case crossover design is vulnerable to problems of selection of the control period. We have chosen the less biased strategy. 27 In addition, we carried out a sensitivity analysis using the other approaches proposed for selection of control days as different symmetrical ambi-directional periods 41 and found that the maximum bias produced when changing the control period accounted for 7% of the effect observed, and that the selection used is more conservative in terms of the magnitude of the standard error. Hence, we are confident that selection of controls did not bias our findings.
The diagnosis of asthma in the emergency department might be misclassified. However, the group with more than one visit which was always classified as asthma must be considered to be asthmatics. The group with a concomitant diagnosis of COPD had a stronger association with particles than with oxidants, which agrees with the findings in a cohort of patients with COPD 24 and may indicate that, in general, patients with a concomitant diagnosis of COPD really did have COPD. However, women and young subjects with a concomitant diagnosis of COPD had a higher risk of dying with increasing levels of NO 2 . These subjects had a lower probability of misclassification as COPD and are probably true asthmatics. 42 If so, the stronger association of these individuals with NO 2 and O 3 would agree with the association observed in subjects with repeated admissions always diagnosed as an asthma exacerbation. This fact would reinforce the validity of a role for NO 2 and O 3 in patients with severe asthma. In addition, the stratified analysis showed a stronger association in women, patients aged less than 65 years, and those with more admissions to the emergency department always diagnosed as asthma. Again, these groups are probably true asthmatics. This strengthens the epidemiological evidence for an acute adverse effect of outdoor levels of NO 2 and O 3 on mortality in this asthmatic population.
Another limitation of this study is the use of weekly values for the biological pollutants, given the timing of their measurement. However, this is unlikely to have biased the results in a conservative way since, for air pollutants for which we had both daily and weekly values, the estimates were higher for the weekly than for the daily values (for example, OR = 1.834 and 1.950, respectively, for NO 2 and O 3 on a weekly basis). It is therefore unlikely that the lack of an association with pollen and spores was due to the timing of the measurements.
Epidemiological findings suggest that, when COPD is the cause of death, most of the mortality is displaced by only a few months except for death from cardiovascular causes. 43 There are no previous data on asthma. The fact that the relative risk was larger in young subjects suggests that the potential years of life lost due to air pollution in patients with asthma is more than a few months and is therefore a relevant public health problem.
This study provides for the first time an analysis of the acute effects of air pollution on mortality in subjects with severe asthma. The results suggest that severe asthmatics are susceptible to the adverse effects of urban air pollutants, particularly oxidants. The finding of a stronger association in a subpopulation with a specific disease that predisposes them to the effects of air pollution strengthens the evidence for a causal association. The results also suggest that oxidants may cause fatal asthma. This study was conducted at a single centre which precluded the use of a large sample and more sophisticated analysis by age, sex, and cause of death. A multicentre study using the same approach is required.
